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SYNOPSIS 


Hot mix recycling is one of the techniques commonly adopted for recycling of bitu- 
minous pavement due to its inherent advantages. An attempt has been made in this 
work to improve the existing mix design methodology where material quantity is not 
prefixed. Linear programming has been used in formulation of this new methodol- 
ogy. The formulation can take care of objectives like cost minimization, material usage 
maximization etc. Performance based tests like fatigue tests and creep tests have been 
done for validation of proposed methodology. 
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Chapter 1 


Introduction 


1.1 Introduction 

Large amount of construction materials are needed for highway construction and its 
maintenance. At the same time old materials are being replaced with new materials 
during reconstruction. However this has put undue pressure on nature, leading to 
wastage of natural resources and energy disposal problem. 

Thus, effort is being put to reduce the use of virgin materials in highway construction. 
One of the available options is to reuse old materials of existing pavement i.e. recycling 
of pavement materials. 

In advanced countries, asphalt is the most recycled material in construction industry. 
For example, in USA, 33 million tons of Reclaimed Asphalt Pavement (RAP) is used per 
year for recycling purpose which is around 80% of the total amount of RAP collected 
from old asphalt pavements [12]. The amount of RAP used for recycling per year is 
about 0.84 million tons in Sweden, 7.3 million tons in Germany, 0.53 million tons in 
Denmark and 0.12 million tons in Netherlands [12]. In the year 1995, 20 million tons 
of recycled hot mix was produced in Japan, which constituted 30% of the total hot 
mix production [13]. However bituminous pavement recycling is not yet a very popular 
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method in India. 

Some of the advantages associated with recycling of pavement materials are as follows: 

1. Less user delay 

/ 

2. Conservation of energy [27] 

3. Preservation of environment 

4. Reduced cost of construction [5, 27, 34] 

5. Conservation of aggregate and binders [34] 

6. Preservation of existing pavement geometries [1] 

7. Reducing demand for land-fill areas [3]. 

1.2 Objective 

Design of recycled mix involves determining the proportions of components like RAP, 
new aggregate and fresh bitumen. The objective of this thesis can be as identified as 
follows: 

1. Development of formulation of constituent proportioning of recycled mix. 

2. Validation of the proposed mix composition by conducting performance related 
tests. 

1.3 Organization 

This thesis contains six chapters of which this is the first one. This chapter is fol- 
lowed by literature review, where a review of topics related to bituminous pavement 
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recycling is presented. Chapter 3 presents the proposed method for recycling the old 
bituminous material. The Chapter 4 is on experimental studies; this chapter explains 
the experiments carried out on mixes prepared using mix design proposed in Chap- 
ter 3. Chapter 5 discusses the findings of experimental investigation. The conclusions 
and further scope have been given in Chapter 6. Finally the appendices at the end 
of thesis give the notations used in present study and the raw data of experimental 
investigations. 

Flow chart explaining sequence of work has been presented in Figure 1.1. 



Figure 1.1: Flow chart explaining the sequence of work 

















Chapter 2 


Background and Literature Review 


2.1 Introduction 

This chapter discusses briefly the background related to recycling of bituminous pave- 
ment. The various topics that are discussed in this chapter are bitumen chemistry, 
physical characterization of bitumen, ageing of bitumen, recycled mix design and re- 
cycling methods. These topics are discussed as individual sections in the following. 


2.2 Bitumen Chemistry 

2.2.1 Origin and composition of bitumen 

Bitumen, a complex hydrocarbon, is derived from fractional distillation of crude petroleum. 
Depending on the source and method of distillation, the constituents of bitumen vary 
considerably. Chief elements in bitumen are carbon, hydrogen, sulfur. Also nitrogen 
and oxygen are present in small amounts, which play important role in physical prop- 
erties of bitumen like boiling point, viscosity etc. Sometimes metals like vanadium, 
iron and nickel are also present in bitumen [10, 9]. Table 2.1 presents elementary 
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constituents of bitumen. 


Table 2.1: Elementaxy constituents of bitumen [28 



Carbon 

(%) 

Hydrogen 

(%) 

Nitrogen 

(%) 

Sulphur 

(%) 

Oxygen 

(%) 

Nickel 

(ppm) 

Range 

80.2-84.3 

9.8-10.8 

0.2-1.2 

0.9-6.6 

0.4-1.0 

10-139 


Iron 

(ppm) 

Manganese 

(ppm) 

Calcium 

(ppm) 

Magnesium 

(ppm) 

Sodium 

(ppm) 

Vanadium 

(ppm) 

Range 

5-147 

0.1-3.7 

1-135 

1-134 

6-159 

7-1590 


2.2.2 Molecular structure 

The molecular weight of unaged bitumen is of the range of 300-2000 [9]. However, 
as a result of molecular association, bitumen behaves as if it had a larger molecular 
weight [9]. Depending on source of bitumen the molecular structure varies. 

Due to extremely large number of molecules and chemical structure in bitumen, at- 
tempts have been made to separate bitumen into generic fractions based on size and 
polarity [10]. Some times this may be based on solubility and absorption [9]. 

Depending on solubility in chemicals its constituents are classified into various func- 
tional groups. For example, based on solubility in n-heptane, bitumen is divided into 
asphaltenes and maltenes. Asphaltenes are the complex group of molecules, which 
precipitate when bitumen is dissolved in pentane. Due to their high polarity, the 
asphaltene fraction tend to interact more. Maltenes, soluble fraction of bitumen in 
pentane act as dispersing phase for asphlatenes. Maltenes are further divided into 
saturates, aromatics and resins. Aromatics can be of^two types: naphthene aromatics 
and polar aromatics [14]. Among these fractions, asphaltenes and resins have higher 
molecular weight where as aromatics and saturates have lowest molecular weight. The 
classification system is presented schematically in Figure 2.1. 
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Figure 2.1: Bitumen classification based on solubility in heptane 

This type of characterization also depends upon solution temperature [9] and nature 
of solvent. Typical structures of asphaltene, saturates and aromatic are given in Fig- 
ure 2.2, Figure 2.3 and Figure 2.4 respectively. 


2.3 Physical Characterization 


Traditionally for engineering purpose bitumen is classified based on physical character- 
istics. Some of the physical characteristics based on which classification are done are 
softness, flow characteristics, adhesion with surfaces etc. 

The penetration test gives some idea about consistency of the bitumen. The cohesion 
can be estimated by performing ductility test on the bitumen samples. Its degree of 
softness can be characterized by softening point test. Even though these tests are 
empirical in nature they aid in estimation of engineering properties of bitumen. 

It may be noted that the above tests are single point tests i.e. properties are measured 
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Figure 2.4: Schematic diagram of aromatic structures [28] 

at single temperature. However, since the bitumen and mix has to perform well over a 
range of temperature, test procedures adopted should be such that it can cover a range 
of temperature in which bitumen mix is supposed to serve satisfactorily. At higher 
temperature or longer time of loading bitumen acts as viscous liquid where as at low 
temperature or shorter loading time bitumen acts as an elastic solid. However at in- 
termediate service condition temperature, bitumen acts as visco-elastic material [28]. 
Viscosity an indicator of flow can be measured easily at different temperatures. Tra- 
ditionally viscosity has been measured by different tests like Brookfield viscometer. 
Rotational viscometer etc. 

2.3.1 Effect of constituents on physical characterization 

Amount of asphaltenes plays an important role in bitumen viscosity. Asphaltenes, 
being polar in nature, tends to associate among themselves, forming big sized molecules. 
However aromatics and resin fraction keeps asphaltene in dispersed phase (peptizing 
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ability) . That is if resin and aromatic component percentage is less, then the bitumen 
becomes more viscous [28, 10], with non-Newtonian behavior. With increase in sulfur 
content the specific gravity is observed to be increasing [32]. As aromatic compounds 
increase and saturated compound decrease the density of bitumen is found to increase. 


2.3.2 Closing remarks 

It has been observed that in spite of composition remaining same, there is variation in 
physical characteristics of bitumen [9]. Figure 2.5 shows such an example. Also, there 
are some examples where similar performing (similar physical properties) bitumen have 
different chemical composition [9]. 


□ Boican AC-20 

PTl California Valley AC-20 

Extracted from Core After 120 Days at 140*F 



Saturates Polart Aiphaltenta Pen. at Pen. at Vis. at Sc/ft. Duct, at 
Aromatics 39.2T. 77"F» 140*F. P Pt/F 60*F,cm 


dmm dmm 

Similar Compositions Different Properties 

Figure 2.5: Asphalt with similar composition but different property [9] 

As per the present understanding, a definite relationship could not be obtained between 
the bitumen chemistry to its field performance. A number of researchers [9, 14] have 
commented that there is in fact no significant relation with the chemistry of bitumen 
to the engineering behavior of bitumen as a material. 



2.4 Ageing of Bitumen and Ageing Indices 
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Ageing is a phenomenon during which properties/composition of the bitumen changes. 
Some of the changes talcing place during this process are [3, 10]; 

1. Loss of oily / volatile compounds while heating, ' 

2. Change in chemical composition from reaction with atmospheric oxygen, 

3. Molecular restructuring (polymerization) /Steric hardening. 

Volatile loss causes reduction in weight of bitumen, whereas oxidation causes increase 
in weight. Thus, the final change in weight will be governed by whichever phenomenon 
dominates for a particular bitumen. For same grade of bitumen, ductility of fresh bi- 
tumen is often more as compared to aged bitumen. This is due to fact that bitumen 
harden with ageing. Similar trend is observed in case of penetration also. Figure 2.6 
and Figure 2.7 show variation of penetration with field and laboratory ageing con- 
ditions collected from literature. During the ageing process, molecular restructuring, 
crystallization takes place. These changes in turn lead to increasing viscosity and soft- 
ening point with aging. Increase in softening point and dynamic viscosity with time is 
shown in Figure 2.8 and 2.9 respectively. 

During heating and mixing of bitumen with hot aggregates, changes are observed in 
certain properties of bitumen, which is known as short term ageing. While heating 
bitumen, volatiles having low boiling point (primarily non-polar hydrocarbons [26]) 
gets evaporated. Further changes occurring is dependent on duration of storage of hot 
bitumen at elevated temperature. Rolling Thin Film Oven Test (RTFOT) is useful in 
simulating short term ageing [18] under laboratory scale. 

Under the action of environment and vehicular traffic, changes taking place in bitu- 
minous layer axe referred as long term ageing. Studies conducted have indicated that 
bitumen is more susceptible to changes in viscosity v/hen exposed to higher temperature 
due to oxidation [18]. 
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Figure 2.6: Variation of penetration with field ageing [16, 21] 

It has been reported that ageing of bituminous mix is influenced by time, temper- 
ature, asphalt content, voids, aggregate porosity, presence of trace metals, asphalt 
thickness [9, 10] . With the presence of more voids, sufficient space is available for air 
circulation. This in turn exposes the bitumen coating to atmospheric changes. Hence 
it can be said that increase in voids content in the mix leads to increased ageing of 
bitumen [18]. 

It is found that during mixing asphaltene content increases while saturates remain 
constant. The saturates remain constant because of their inert nature [14]. On the 
other hand under service condition asphaltene percentage increases, polar aromatics 
and naphthene aromatics fraction decreases. 
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Figure 2.7; Variation of penetration with laboratory ageing [14, 21] 

2.5 Recycling Methods 

2.5.1 Classification 

Based on the process adopted in recycling the bituminous mix, it can be broadly 
classified as central plant recycling and in-situ recycling. If the RAP is modified at a 
plant, away from construction site then the process is known as central plant recycling. 
In in-situ recycling process the RAP modified in place, where from it is available. 
Further, the RAP could be heated to condition it. If heat is applied then the process is 
known as hot mix recycling. In case of cold mix recycling, old materials are conditioned 
using recycling agent (like, low viscosity emulsion) without application of heat. The 
classification system is presented schematically in Figure 2.10. 

Another way of classification could be based on the depth of the old pavement re- 
moved [7]. If the top layers of pavement fail, then the upper layers are removed and 
laid again. This process is known as surface recycling. However, if base failure occurs 
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Figure 2.8: Variation of softening point temperature with laboratory ageing 


then the pavement layers up to base layer is removed and constructed again. This pro- 
cess is known as full depth reclamation. The following paragraphs elaborate further the 
various recycling processes based on the classification scheme presented in Figure 2.10. 


2.5.2 Hot in-place recycling 

Initially the pavement intended to be recycled is heated to a higher temperature us- 
ing suitable heating arrangement. This facilitates easier removal of materials. After 
heating, the pavement surface is scarified to the required depth. Further, depending 
on the requirement new aggregate and binder axe added. The material is mixed well 
and compacted to the required thickness. As this process consumes less time, least 
disruption to traffic is caused. Also the transportation cost is less, as materials need 
not be taken away. Machinery required for this purpose being bulky in nature, suffi- 
cient right-of-way is required. This becomes an important consideration for in-place 
recycling within the city areas [15]. 
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Laboratory ageing in hours 


Figure 2.9: Variation of dynamic viscosity with laboratory ageing [14, 33] 

2.5.3 Cold in place recycling 

In cold in-place recycling process, first, the pavement is scarified with a scarifier. The 
scarified material is crushed to the required gradation. Then the required amount of 
new aggregates and binder in cold form (emulsion or cutback) is added. It is compacted 
and left for aeration. During this process additives like, cement, quick lime, fly ash may 
be used. The cold mix recycling takes care of local geometric correction, correction of 
pavement distresses like surface cracks [24]. Being an in-situ process the hauling cost is 
considerably low. Since the old pavement materials are not heated, emission of smoke is 
less. Hence air quality related problems during construction is less as compared to hot 
mix process [22]. Similar to hot in place recycling process the machinery required being 
bulky, sufficient maneuvering space should be available for operating the equipment. 
Also, the lane needs to be closed for certain time so that suflficient time is available for 
curing of freshly laid course. Moisture content (when bitumen emulsion is used) needs 
to be given importance as it influences gradation control, mixing and workability of 
recycled mix to a large extent [24]. 
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Hot process 


la-place 

Recycling 


Cold process 


Central plant 
recycling 


"H Hot pro cess 


Cold process 


Figure 2.10: Classification of recycling methods based on processes 

2.5.4 Hot central plant recycling 

In this process, RAP is combined with required quantity of bituminous binder, and 
new aggregates in a hot mix plant. The resultant mix is heated to an elevated temper- 
ature and mixed thoroughly. The hot mix is transported to paving site, placed, and 
compacted to the required compaction level. The main advantage of this process is 
that the mix properties and performance is comparable to that of virgin mix [34]. Epps 
et al. [7] have noted that the quality control in this process is better when compared 
to hot in-place recycling. As RAP is susceptible to moisture, care needs to be taken 
while storing it. Less workspace is required for laying the recycled mix, hence this is 
suitable for the roads where the right-of-way is somewhat restricted. The RAP should 
not be exposed to extremely high temperature as it causes pollution due to smoke 
emission [5, 34]. 

2.5.5 Cold central plant recycling 

This is the similar process as is the hot central plant mixing, except it does not involve 
any heating, and therefore emulsion bitumen is used binder in most of the cases. Precise 
control on the mixing time is important, over-mixing may cause premature breaking 








16 


of emulsified bitumen, under-mixing results in insufiicient coating of aggregates. 


2.6 Mix Design 

This section reviews the principles adopted in various recycled mix design guidelines. 

2.6.1 Asphalt Institute procedure 

As per the Asphalt Institute procedure [2, 23], the approximate demand of bitumen of 
the recycled mix is estimated by using an empirical formula. This empirical formula is 
based on the concept of minimum film thickness required to cover the total surface 
area of the aggregates. The total surface area of the aggregates can be obtained 
empirically from the aggregate gradation, or can be estimated through Centrifuge 
Kerosene Equivalent (CKE) test.formula given by Asphalt Institute [23] has been given 
below. 


P = .Q35a + M5b-^Kc + F (2.1) 

where P = approximate total bitumen demand of recycled mix, percent by weight of 
mix, a = percent of mineral aggregate retained on 2.36mm sieve, b = percent of mineral 
aggregate passing on 2.36mm sieve and retained on 75iJ, sieve, c = percent of mineral 
aggregate passing Idfi sieve, K = .15 for 11 - 15 percent passing 75/x sieve, .18 for 6 - 
10 percent passing 75/z sieve, .2 for 5 percent or less passing 75/i sieve, F = 0 to 2.0 
percent. 

Once approximate bitumen demand is estimated, the percentage of fresh bitumen to be 
added is calculated by subtracting the RAP bitumen content from the total bitumen 
demand. Based on aged bitumen viscosity and proportion of aged bitumen, the viscos- 
ity of fresh bitumen is decided. Finally, the job mix formula is arrived by conducting 
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tests by either Marshall or Hveem method. In Asphalt Institute method, quantity of 
fresh bitumen to be added is decided first and its viscosity is finalized subsequently. 
Also in Asphalt Institute method, the amount of RAP is prefixed. Similar procedure 
has been suggested by Roberts et. al. [29], where it is emphasized that the upper limit 
of RAP percentage in total mix should be specified. To estimate bitumen proportion, 
in some guidelines penetration [17, 25, 13] or shear modulus [19] is used as criteria 
instead of viscosity [2]. 

In another procedure proposed by Epps et al. [7, 6], the quantity of new aggregates to 
be added to achieve the specified gradation, is first decided based on recycled aggregate 
gradation. The bitumen demand is estimated using the new mix proportion. The mix 
thus prepared using bitumen modifier, recycled aggregates and new aggregates and 
is tested using Marshall or Hveem method. Also some other tests like stability test, 
water susceptibility tests etc. are recommended before deciding upon the final mix 
proportions. In this procedure also, since the aggregate gradation is adjusted first, and 
then the quantity of bitumen to be added, the viscosity (or grade) of fresh bitumen 
automatically becomes fixed. 

2.6.2 Closing remarks 

By fixing initially the RAP percentage to be used, as is done in some methods, one 
looses the opportunity to decide to what extent the RAP could have been used. Hence 
utilization of RAP to the fullest extent may not have been achieved. Also, in most of 
the procedures, the recycled mix design recommends the viscosity of fresh bitumen to 
be used. This may give rise to a difficult situation, if the particular grade of bitumen 
having recommended viscosity is not available in the market - especially with reference 
to Indian condition where only limited varieties of bitumen grades are available. This 
has prompted the present investigator to develop a recycled mix design process where 
(i) the amount of RAP to be used is not pre-fixed and (ii) grade of the fresh bitumen 
to be used is pre-fixed. 



2.7 Closing Remarks 
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This chapter discussed various aspects of bituminous pavement recycling like bitumen 
chemistry and constituents effect on characterization. Also recycling methods and 
mix design procedures have been discussed. Prom the above discussion it is clear 
that constituents of bitumen affect the performance of the mix. Mix design procedures 
presently used turns out to be inefficient from point of recycling old materials. Hence an 
attempt is made to develop mix design procedure which can take care of this drawback. 



Chapter 3 


Methodology 


3.1 Introduction 

As mentioned earlier, RAP is deteriorated asphalt mix that contains aged bitumen 
and aggregates. Hence its performance is poorer when compared to the fresh mix. 
The purpose of the asphalt recycling is to regain the properties of the RAP, such 
that it tends to perform as good as fresh mix. Thus, the process of asphalt recycling 
involves mixing of the RAP, fresh bitumen, rejuvenator and new aggregates in suitable 
proportions. Rejuvenators are low viscosity oily substance, which helps to bring down 
the high viscosity of aged bitumen. The requirements of the recycled mix can be 
summarized as follows: 

• The quantity of old aggregates and new aggregates are to be adjusted in such a 
way the resultant gradation of aggregates conforms to the specified gradation. 

• The quantity of the aged bitumen, fresh bitumen and the rejuvenators are to be 
adjusted in such a way that the resultant viscosity becomes equal to the desirable 
viscosity at operating temperature during construction. Some other parameters 
(for example complex shear modulus etc.) may be chosen instead of viscosity, if 
desired. 

IQ 
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• The total quantity of bitumen should be adjusted in such a way that it satisfies 
the optimum bitumen quantity of the target mix. 

• The other mix design parameters like voids in mineral aggregates (VMA), air 
voids (VA) etc should also be satisfied. 


3.2 Proposed Mix Design 

3.2.1 Assumptions 

Keeping in mind the above mentioned requirements, new method for hot mix recycling 
is proposed based on following assumptions. 

• A three component mixture is assumed constituted with RAP, new aggregates 
and fresh bitumen. Rejuvinator has not been considered in present study. It is 
assumed that aged bitumen (from RAP) and fresh bitumen get mixed with each 
other perfectly. 

• It is assumed that optimum bitumen content of recycled mix is known before- 
hand. This prehminary estimate of optimum bitumen content is necessary for 
calculating the constituent proportion of the recycled mix. In present study, ap- 
proximate bitumen content is estimated based on surface area method is given 
in Equation 2.1. 

3.2.2 Basic approach 

Figure 3.1 give the flow chart of the procedure adopted. It is also explained step by 
step in the following 


Samples are procured from the old pavement that is to be recycled. 
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Figure 3.1: Flow chart for proposed laboratory mix design procedure for recycled mix 
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• Bitumen and aggregates are separated from the old mix using Centrifuge Bitumen 
Extractor (CBE). 

• From the materials obtained, average bitumen content of old mix and the grada- 
tion of the old aggregates are found out. 

• Recovered bitumen is tested for viscosity at the desired temperature. Also, the 
viscosity of the fresh bitumen is found at same temperature. 

• In the next step, the proportion of the fresh and aged bitumen is estimated 
by using viscosity mixing rule, so that the resultant mix achieves the target 
viscosity^ at suitable temperature. The present study uses the formula used by 
Asphalt Institute [2, 23] and ASTM 4887 [4] and is given below. 

ln{r]t) = Xo ln(? 7 o) + ln(77„) (3.1) 

where r)t = target viscosity, Xo = weight/volume fraction of aged bitumen, rjo 
— viscosity of aged bitumen, = weight /volume fraction of fresh bitumen/ 
recycling agent, rjn — viscosity of fresh bitumen/ recycling agent 

• Once the proportion between aged and fresh bitumen is found, from consideration 
of presence of aged bitumen in total mix, proportion of RAP in recycled mix 
is determined. Thus the quantity of new aggregates to be added can also be 
determined. This has been explained schematically in Figure 3.2. 

• Further, considering gradation of target mix and old mix, gradation of new ag- 
gregate can be obtained. 

3.2.3 Estimation of mix composition 

The previous section (Section 3.2.2) presented the principle of the proposed mix design. 

Based on this principle the following paragraphs discuss further on how to estimate 

^Specified based on desirable properties of mix like workability, uniform mixing with aggregates 


etc. 
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Figure 3.2: Schematic diagram for composition of recycled mix 


the constituent proportions. 


3. 2. 3.1 Solution obtained using direct method 

Formulation 

The parameters that are known/assumed initially are target viscosity of bitumen in 
recycled mix {rjt), viscosity of aged bitumen (rjo), viscosity of fresh bitumen (rin), per- 
centage of bitumen in recycled mix {P^), percentage of bitumen in old mix 

The percentages of the components need to be determined are percentage of fresh 
bitumen in recycled mix (P^), percentage of RAP in recycled mix (P^p), percentage 
of new aggregates in recycled mix (P^). 

Consider a two component system of aged bitumen and fresh bitumen, where propor- 
tion of aged bitumen (pob) and proportion of fresh bitumen (p„(,) are unknown. It 
should be noted that Pob and Pnb have been expressed as fractions whereas rest of the 
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quantities have been expressed as percentages. 

Prom Equation 3.1 we have, Zn(r7t) = po6ln(r7o) +Pn5ln(77n)- 

Here Pob +Pnb = 1- Substituting the same in above equation and rearranging we get, 


Pob = 


{In pt - In T]n) 
{In r}o - In rjn) 


(3.2) 


_ {In rit - In Po) 
{In r}n - In t]o) 


(3.3) 


Hence from the viscosity considerations, proportion between aged bitumen and fresh 
bitumen is found to be Pob'Pnb- 


Therefore percentage of fresh bitumen in recycled mix 


(3.4) 


Similarly percentage of aged bitumen in recycled mix = 

( 3 . 5 ) 

Since is percentage of RAP used in recycled mix, aged bitumen present is given 
by 


/ uRAP \ 


RAP 


(3.6) 


Equating Equation 3.6 with Equation 3.5, we get 


.H (PJ X 100) _ {Po, X X IQO) 


RAP 


pRAP 


pRAP 


(3.7) 


Therefore percentage of new aggregates in recycled mix is 

= 100 - + PS ) . 


(3.8) 
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Finally the percentages of fresh bitumen, RAP and new aggregates can be obtained 
from Equation 3.4, Equation 3.7, Equation 3.8 respectively. These have been tabulated 
again in Table 3.1 for sake of convenience. 

Table 3.1: Formulae for calculating recycled mix component percentages by direct 
method 


Percentage of fresh bitumen (P^b) 

Pnb X Pb^ 

Percentage of RAP (P^ap) 

(PotxP^xlOO) 

— 

Percentage of new aggregates (P^) 

100 - + PS) 


Comparison with Asphalt Institute method 

Asphalt Institute [23] gives the formulas for calculating the percentages of different 
components. The notations used by them and notations used in the present work has 
been tabulated in Table 3.2. 


Table 3.2: Comparison of notations used in Asphalt Institute method and the present 
work . 


Component 

Asphalt Institute 

notations 

Notations used 

in present work 

Percentage of RAP in recycled mix 

P 

sm 

tdR 

^RAP 

Percentage of bitumen in recycled mix 

Pb 


Percentage of bitumen in old mix 

Psb 

pRAP 

Percentage of fresh bitumen in recycled mix 

Pnb 

idR 

Percentage of new aggregates in recycled mix 

Pna 

1 

pR 


The formulae for constituent proportions given by Asphalt Institute is verified with the 
obtained formulae as presented in Table 3.1 and found to be basically same. However 
set of known and unknown parameters are different in Asphalt Institute method than 
present proposed method. 

Design charts 

This section studies graphically the formulae presented in Table 3.1. From Figures 3.3 
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Figure 3.3; Design chart to find out RAP percentage (po=0.3) 

and 3.4 it is seen that for same design bitumen content in recycled mix (i.e. OBC), 
as bitumen content in RAP increases, less amount of RAP needs to be added. Hence 
the curves show a decreasing trend. As proportion of aged bitumen increases, higher 
quantity of RAP needs to be added. Hence the curve shifts upwards. 

Similar graph has been plotted for finding percentage of new aggregates to be added. 
The same has been presented in Figures 3.5 and 3.6. 

3. 2. 3. 2 Solution obtained using Linear Progrcunming 

The formula for arriving at proportions (percentages) of different recycled mix compo- 
nents by direct approach has been presented in Section 3.2.3. 1. This section extends 
the formulation towards a more general situation. As a general situation the target 
viscosity {rjt) could be assumed as a range {rj^ to rjf ), instead of a fixed value. Similarly, 
since (=OBC) value of recycled mix is not known before hand, it would be logical 
to assume over a range (i.e. {P^Y to (P/*)'*). Thus the formulation presented in 
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Figure 3.6: Design chart to find amount of new aggregates to be used (po=0.7) 


Section 3.2.3. 1 can be expressed in the form of a linear programming (LP) formulation 
and is presented below. 

Constraints 

Equations 3.9 and 3.10 put constraints on target viscosity at specified temperature. 


(In r)o X X + (In tjm x PS.) 

((^)x-P«V)+0 


< In rf^ 


(3.9) 


{In TJo X X P^AP) + X P^) 

(^^)^PSAP)+PS^) 


> In 4 


(3.10) 


The Equations 3.11 and 3.12 put constraint on the value. Thus 


pRAP 

((^) X Pg^) + (PS) < (Pg)' 


(3.U) 
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pRAP 

((^) X -PsV) + (PS.) > (n'*)' (3.12) 

where {P^Y = Lower limit on percentage of bitumen in recycled mix, = Upper 

limit on percentage of bitumen in recycled mix. 

It is obvious that sum of percentage of all individual components (i.e. P^^p, P^ and 
P^Y) recycled mix should be equal to 100. The same has been given in Equation 3.13. 

Prap + P5. + PS,= 100 (3.13) 

Also the percentage of different components cannot be less than or equal to zero. 
Nonnegative constraints have been given in Equation 3.14 and 3.15. 

PLp > 0 (3.14) 

Pnb > 0 (3.15) 

Pna > 0 (3.16) 

Figure 3.7 shows a 2-D plot of the feasible zone obtained by using the above mentioned 
constraints (Equation 3.9 through Equation 3.12). Since it is a 2-D plot constraints 
indicated by Equations 3.13 and 3.16 could not be plotted in Figure 3.7. 
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Figure 3.7; A 2-D plot of feasible zone considering mix design constraints 
Objective function 

The objective function could be the following. 

• Maximization of RAP: One may be interested to maximize the quantity of RAP 
so that more amount of material could be recycled. Thus the objective function 
is 

Max {PiAp} 

• Minimization of total material cost: One may be interested to minimize the total 
material cost. Thus the objective function can be written as 

Min {{Crap X P^ap) + i^na X + {Cnb X 

where Crap = Cost of RAP per unit quantity, Cna = cost of new aggregate per 
unit quantity, Cnb = cost of fresh bitumen per unit quantity. 

Since the cost is assumed as linear combination of the component percentages, 
this objective function automatically merges to the previous objective function 
if cost of RAP is the least 
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3.2.4 Formulation: determination of new aggregate gradation 

The quantity of aggregate to be added has already been obtained in Section 3. 2. 3.1. 
Some time there is need of adjustment of aggregate gradation. The reasons could be 
the following: 

• Under the action of vehicles, the aggregates used in pavement may get crushed. 
Thus with time the materials become under sized when compared to construction 
stage. 

• Old mix might have been designed as different mix according to gradation and 
specifications in practice at that time. If those specifications have been revised 
there is need for adjustment of aggregate gradation. 

The gradation of old recovered aggregates can determined by sieve analysis. The 
target gradation is assumed from the relevant specifications. Once the proportions 
of new aggregates and old aggregates is known, gradation of new aggregates can be 
determined. Figure 3.8 shows this graphically. The formulation of this method has 
been given below. 

Cumulative percentage passing of old aggregates can be represented in form as column 
matrix P° where i is the i*^ sieve size. Similar matrices can be constructed for upper 
limit and lower limit on target gradation. Hence column matrix of old aggregate 
gradation, new aggregate gradation. Upper limit on target gradation and lower limit 
on target gradation can be represented by P°,P",T“ and 

The conditions to be satisfied in order to conform the gradation requirements are as 
follows. 


(P» X pj + (P" X pj > T' 


(3.17) 
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Figure 3.8: Determination of new aggregate gradation 


(P°xpJ + (P"xp„)<T« 


(3.18) 


By assuming resultant gradation to pass through midpoint of upper limit and lower 
limit, above equations can be transformed into equality equation. Thus, 


T 


m 


{Ti + T“) 
2 


(3.19) 


(P“xpJ + (P"xpJ = T- 


(3.20) 


Reorganizing the above equation we get. 


T”- - (P° X pj 
Pn 


(3.21) 
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In the above matrix it should be noted that element should be less than (i - 
element. If this is not the case the matrix T*" is adjusted such that it satisfies above 
condition within the upper limit and lower limit gradation as specified. 


3.3 Example 

In this section an example for constituent proportioning of recycled mix design has 
been given. Problem has been solved both by direct method (Section 3. 2. 3.1) and 
using LP (Section 3. 2. 3. 2). 


3.3.1 Problem statement 


It is proposed to recycle RAP collected from a road stretch. Bitumen content present 
in RAP is found to be 5.21% and viscosity of aged bitumen is measured to be 6240 
mPa sec. Gradation of recovered aggregate is given in Table 3.3. 


Table 3.3: Gradation of extracted aggregates 


Sieve Size (mm) 

19 

13.2 

9.5 

4.75 

2.36 

1.18 

0.6 

0.075 

Cumulative 









percentage passing 

100.00 

94.58 

84.51 

67.44 

33.00 

19.47 

5.86 

2.00 


Viscosity of fresh bitumen intended to be used has a viscosity of 1140 mPa sec at 
reference temperature of 100°C. Viscosity of bitumen in recycled mix is found to be 
satisfactory over a range of 1800 mPa - 2800 mPa sec at reference temperature. The 
OBC is assumed to be in range of 5.0% to 5.6%. Desired gradation of recycled mix 
choosen as SDBC specifcation of MORT&H [31] is given in Table 3.4. 

Estimate the proportion of RAP, new aggregates and firesh bitumen in recycled mix. 


















34 


Table 3.^ 

Gradal 

don specification for S! 

DBG 

Sieve Size (mm) 

19 

13.2 

9.5 

4.75 

2.36 

1.18 

0.6 

0.075 

Upper limit 

100.00 

100.00 

90.00 

51.00 

39.00 

30,00 

19.00 

8.00 

lower limit 

100.00 

90.00 
1 

70.00 

35.00 

24.00 

15.00 

9.00 

3.00 


3.3.2 Solution: determination of constituent proportion 

Assuming the recycled mix gradation passes through mid point gradation of the given 
specifications (Table 3.4), approximate bitumen demand can be calculated from Equa- 
tion 2.1. Taking a=68.5, b=(31.5-5.5)=26, c=5.5, K=.19, F=1 and substituting in 
Equation 2.1 we get P^= 5.6125% « 5.6% 

Prom given details, P^^^=5.21%, r]o=624Q mPa sec, 77n=1140 mPa sec, 77“=2800 mPa 
sec, r?t=1800 mPa sec 

3.3. 2.1 Case 1: solution by direct method 
Assume r]t =2300 mPa sec (average of 2800 and 1800) 

Proportion of aged bitumen in mixture of aged bitumen and fresh bitumen is obtained 
using Equation 3.2, p., = g fZ'l tS = 

Thus the proportion of fresh bitumen in mixture of aged bitumen and fresh bitumen 
= 1- 0.413 = 0.587. 


Assume P^ (OBC)= 5.6% 

Prom Equation 3.4, 

percentage of fresh bitumen in recycled mix = P^^ = 0.587 x 5.6= 3.288%. 
Prom Equation 3.7, 

percentage of RAP in recycled mix = Prap — = 44.379%. 


Prom Equation 3.8, percentage of new aggregates in recycled mix 
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= = 100 - {50.096 + 3.288} = 52.333%. 

Thus proportions of fresh bitumen, RAP and new aggregates are 3.288%, 44.379% and 
52.333% respectively. 


3. 3. 2. 2 Case 2: Solution using LP approach for cost minimization 


Considering the objective function as cost minimization it can be written as: 


Minimize {{Crap x P^^p) + {Cna x P^^) + i^nb x Pnb)} 


Pi'om Equation 3.9, we have 

{In 6240 X (^) X P^^p) + {In 1140 x P«) 
((!t)x^w) + ^n1) 


< In 2800 


0.0417P^^P - 0.8986Rf, < 0 


Tib 


( 3 . 22 ) 


Prom Equation 3.10, we have 

(in 6240 X (^) X + (In 1140 x Pjj) 

(Cm) ^ Plt,p) + PS,) 


> In 1800 


0.0647P|^, - 0.4568fS > 0 (3.23) 

Prom Equation 3.11, we have 

((}^) X PSap) + (PS) < 5-6% 

0.0521 + 5.6 

Prom Equation 3.12, we have 

((}^)X P^p) + (iS) > 5.0% 


(3.24) 
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0.0521 + 5.0 (3.25) 

Using above constraints (Equations 3.22 to 3.25) and other constraints stated earlier 
(Equations 3.13 to 3.15), the problem was solved using CPLEX software for following 
cases. 

Scenario A: Crap < Cna < Cn6 The cost of different components are taken as Crap 
= Rs 500, Cna = Rs 800, Cnh = Rs 1000. 

Scenario B: Crap = Cna\ Cnb < Cna\ Cnb < Crap The cost of different components 
are taken as Crap = Rs 500, Cna = Rs 500, C^b = Rs 250. 

Scenario C: Cna < Crap < Cnb The cost of different components are taken as Crap 
= Rs 800, = Rs 500, Cnb = Rs 1000. 

Scenario D: Crap = Cna] Cnb > Cna] Cnb > Crap The cost of different components 
are taken as Crap = Rs 500, Cna = Rs 500, Cnb = Rs 1000. 

The results have been tabulated in Table 3.5. 

The optimum points of scenario A, B, C and D have been marked on Figure 3.7 as 
points A, B, C and D respectively. 

If the cost of RAP is less, then in order to minimize total cost more amount of RAP 
needs to be used. Hence cost minimization in case of Scenario A would be a special 
case of RAP maximization also. 

Scenario A represents a case where cost of RAP is least and fresh bitumen is highest. 
Hence RAP needs to be used more and fresh bitumen least. Hence point having higher 
viscosity and bitumen content would be selected as optimum point. Similarly scenario 
C is a case where cost of fresh bitumen is least and cost of RAP is highest. Hence 
more point representing lower viscosity and lower bitumen content will be selected as 
optimal. 



3. 3. 2. 3 Case 3: Solution using LP approach for RAP maximization 
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Here the objective is to maximize percentage of RAP. Hence objective function would 
be Max {Prap}- 

The constraints would be as given in Equations 3.22 to 3.25 and Equations 3.13 to 
3.15. Solving using optimization tool, the proportions of RAP, new aggregates and 
fresh bitumen are obtained as 56.849%, 40.513% and 2.638% respectively. 

Values given above are matching with Case 2: Scenario A which is reflected in Table 3.5 
also. This is because RAP maximization implies that higher viscosity of mix as well 
as higher amount of bitumen content is permitted. 

Table 3.5: Comparison of constituent proportion obtained from direct method and LP 


Method 

jdR 

^RAP 

(%) 

'pR 

^nb 

(%) 

pR 

(%) 

Case 1: Direct method 

44.379 



Case 2: Scenario A, 

P'RAP Cna Cnb 

56.849 

2.638 


Case 2: Scenario B, 

GrAP ~ P'na] ^nb ^ (Cna, Crap') 

28.905 

4.094 

67.001 

Case 2: Scenario C 

Cfia Crap ^nb 

25.808 

3.655 

70.537 

Case 2: Scenario D, 

Crap = Cna] Cnb > {Cna, Crap) 

50.758 

2.355 

46.887 

Case 3: RAP maximization 

56.849 

2.638 

40.513 
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3.3.3 Solution: determination of aggregate gradation 

Consider the mixture of old aggregates and new aggregates. In this mixture proportion 
of old aggregates is 


_ (44.379-2.312) 

Poa ((44.379-2.312)+52.333) 


0.4456 


and proportion of new aggregates is 


n - (52.333) 

Pna ((44.379-2.312)+52.333) 


0.5544. 


Cumulative percentage passing of old aggregates can be represented in form as column 
matrix Pi° where i is the sieve size. Similar matrices can be constructed for upper 
limit (T“) and lower limit (T^) on target gradation. These have been given below; 


^ 100 \ 


^100^ 


^ 100^ 

94.58 


100 


90 

84.51 


90 


70 

67.44 


51 

, T' = 

35 

, T“ = 



33.00 


39 


24 

19.47 


30 


15 

5.86 


19 


9 

2.00 ) 




[^J 


Conditions given in Equations 3.17 and gradul needs to be satisfied in order to conform 


the gradation requirements. 
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Using Equations 3.19 to 3.21, we get 

^ 100 ^ 

95.34 
76.37 

23.35 

pn _ 

30.29 

24.94 

20.54 

V8-3lj 

In the above matrix, it is to be noted that 4*^ row number is less than 5*^ row. Since 
this dosen’t satisfy property of cumulative percentage passing, the above solution is 
unacceptable. In order to get a feasible solution, the increasing value of T 4 ^'^ from 43 
to 47. Thus we get the final gradation as, 

^ 100 ^ 

95.34 
76.37 
30.57 
30.29 
24.94 
20.54 

1 8-31 j 


pn 


3.4 Closing Remarks 


The constituent proportioning thus developed has been used to prepare recycled mix 
samples for further testing. The experimental investigation has been dealt in next 
chapter. 



Chapter 4 


Experimental Studies 


4.1 Selection of Materials 

Old pavement materials (i.e RAP) required for conducting experiments were selected 
from two locations one is road stretch which belongs to Kanpur Development Authority 
(KDA) and other from with in IIT K campus. Henceforth referred to as KDA sample 
and IIT K sample respectively. The criteria for selecting the location were aged and 
distressed pavement. The material selected was cleaned to remove organic matter if 
any. 


4.2 Constituent Proportion 

In present study, samples have been prepared using proportions arrived at by direct 
method (procedure explained in Section 3.3.2.1). The values taken in calculations are 
= 5.6%, rjt = 2300 mPa sec and rin = 1140 mPa sec. The values of r]o and for KDA 
and IIT K samples are 6240 mPa sec and 4750 mPa sec respectively. Similarly values 
of are 5.21% and 4.62%. The percentages of different components thus obtained 
using direct method has been presented in Table 4.1. 

4n 
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Table 4.1; Prop ortions of different components used in present study 


Material 

pR 

^RAP 

pR 

^nb 

pR 

KDA 

44.379 

3.288 

52.333 

IITK 

59.614 

2.846 

37.540 


4.3 Material Processing and Test Plan 

The RAP collected from these sources were used in two ways (as already mentioned 
in assumptions (Section 3.2.1)) in present study. These processes have been explained 
below: 

However it may be noted that in hot central plant recycling only a fraction of bitumen 
present in RAP will actually melt and mix with fresh bitumen. 

• one set of test samples are prepared by separating bitumen and aggregates and 
then mixing as per desired proportion. This is called Type 1 sample. 

• In other set of test samples the RAP is broken into pieces and mixed directly 
with new aggregates and fresh bitumen. This is called Type 2 sample. 

It is believed that in the realistic situation, is somewhere in between these two cases. 

This type of material processing was adopted in the test plan because this represents 
the two extreme cases. Type 1 sample represents a situation where due to impact 
of dr\nn rotation, part of old material will break down into smaller sized lumps but 
aggregate and bitumen are not separated out. Type 2 sample is a situation where 
bitumen will melt at high temperature and get mixed completely with fresh bitumen. 
To simulate this in laboratory extracted bitumen has been mixed with fresh bitumen 
in precalculated proportion and then added to aggregates. However in field condition, 
the scenario would be in between these two extremities. 

In order to validate any mix design, performance of these mix needs to be checked. It 
has been recognized that main modes of failure of pavement layer are fatigue, rutting. 
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low temperature cracking. Fatigue and rutting being predominant modes of failure in 
Indian conditions, fatigue testing and static creep tests were conducted on the recycled 
mixes. 

Table 4.2 gives a overview of the number of specimens that were used for different tests. 


Table 4.2: Test plan indicating the number of samples tested 


Type 

Source 

of 

KDA 


Fresh 

Test 

Type 1 

Type 2 

Type 1 


mix 

Fatigue Test 

10 

10 

10 

10 

10 

Creep Test 

8 

8 

8 

8 

10 


4.4 Tests Conducted 

4.4.1 Bitumen extraction 

4.4. 1.1 Details of equipment 

CBE was used for extracting bitumen from RAP. CBE consists of a motor connected 
to a bowl shaped closed container. The arrangement is made such that the solvent 
containing bitumen comes out through channel leaving behind the aggregates, when 
rotated at high speed. Figure 4.1 shows photograph of the equipment. 

4.4. 1.2 Bitumen extraction (ASTM D-2172) 

Typically extraction of bitumen involved soaking of known amount of RAP in solvents 
like benzene in container of centrifuge extractor for 30 minutes. After old pavement 
materials was left for soaking for above said duration, the motor was switched on. Due 
to high rotational speed of around 3600 rpm, the benzene along with bitumen came 














Figure 4.1: Centrifuge bitumen extractor 


out. This process was repeated for further removal of bitumen from aggregates. The 
aggregates removed from the container was heated using oven. Oven dry aggregates 
are weighed again. Thus the bitumen content in RAP was found. Since aged bitumen 
was to be used again for testing, solution was heated to remove the benzene portion. 
It was heated at about 100°C temperature such that no further bitumen ageing takes 
place. 


4.4.2 Marshall tests 

In the present study, mix design requirements laid down by MORT&H specifica- 
tions [31] for Semi Dense Bituminous Concrete (SDBC) has been used. That means, 
the old mixes collected for the present study showed some other gradation, which was 
adjusted such that it conforms to the SDBC gradation of MORT&H. The specifications 
for SDBC is reproduced in Table 3.4 and 4.3. 
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Table 4.3; Marshall and volumetric specifications for SDBC mix design as per 
MORT&H [31] 


Minimum Marshall stabifity 

8.2 kN 

Marshall flow 

2 to 4 mm 

VA in mix 

3 to 5% 

VMA 

Min 14 % 

VFB 

65 to 78% 


4.4.2. 1 Mix preparation 

In case of Type 1 material, the calculated amount of RAP as presented in Section 3.3 
was heated in oven to a temperature of around 165°C in hot oven. At the same time 
new aggregates are heated to a higher temperature than that of RAP using heater. 
Once they have attained above said temperature, old material and new aggregate axe 
mixed together and hot fresh bitumen is ad.ded to this and mixed well. 

In case of Type 2 material, the calculated amount of old aggregates and new aggregates 
are heated in oven to a temperature of around 165°C in hot oven. Similarly mixture 
of aged bitumen and fresh bitumen are heated separately to a temperature of 150°C, 
both are mixed to produce homogeneous mixture. 

4.4.2. 2 Sample preparation 

For preparation of Marshall samples, automatic Marshall compactor was used. Photo- 
graph of the same has been given in Figure 4.2. It is compacted with 75 blows on each 
face [31]. 


4.4. 2. 3 Testing ' 

After curing for 24 hours, the cores are removed from mould. The sample is weighed in 
air and water. After this, samples are kept in water bath for 30 minutes at 60°C. Then 
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Figure 4.2; Marshall mould compactor 


the sample is tested for stability and flow, using Marshall testing machine. Load is 
applied at rate of 50 mm/minute. The maximum load taken by the Marshall sample is 
reported as Marshall stability value and the corresponding deformation as flow value. 
Photograph of Marshall testing equipment is given in Figure 4.3. 

4.4.3 Fatigue testing 

4.4. 3.1 Details of equipment 

The rectangular beams of size 380mm x 78inm x 63mm casted, were used for testing 
for fatigue performance. For this purpose, fatigue testing machine fabricated at Trans- 
portation Engineering Laboratory, IIT Kanpur was used [8] . Photographic view of the 
machine is given in Figure 4.4. 



Figure 4.3: Marshall testing machine 


It consists of a motor, cam, load cell, beam holding arrangement and data acquisition 
system. Motor is used to apply sinusoidal loading on the specimen. The cam arrange- 
ment is used to give displacement to the specimen. Cam is designed in such a way that 
the eccentricity can be varied. Such a mechanism is made so as to vary displacement 
which in turn changes strain in asphalt beam. The load cell is used in measuring the 
load applied. The beam holding arrangement is used to fix the beam rigidly in place. 
Data acquisition system used for acquiring data consists of LabView [20], commercially 
available software and hardware components. 

The load cell intended for use was calibrated over a range of load. Voltage at different 
loads was recorded for developing calibration chart. This curve was used in measuring 
force exerted while conducting fatigue test. Typical calibration chart developed is 
shown in Figure 4.5. The negative load indicates compression. 
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Figure 4.4; Fatigue testing machine 


4.4.3. 2 Sample preparation 

The mixture obtained by procedure explained in Section 4.4.2. 1 was poured into mould. 
Then it was compacted by giving 175 blows using standard Marshall hammer and an 
iron plate. The 175 blows was arrived at by comparing the Marshall sample density 
and rectangular beam sample density. The finished sample was left for curing for 1 
day and then tested. 

4. 4.3. 3 Testing 

The cam was adjusted for a known eccentricity. After this the vertical displacement 
caused by this eccentricity is measured using LVDT/dial gauge. Then the cured beam 
was fixed to the fatigue testing equipment as shown in Figure 4.6. Once the motor is 
switched on the initial load appUed on beam is noted. Similar exercise of load mea- 
surement was repeated at regular intervals till bearh was deemed to have failed. Here 
failure criteria chosen was decrease of load to half the initial load. Similar procedure 
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Figure 4.5: Variation of load cell output voltage versus applied load 
was repeated using beams at different strain levels. 

4.4.4 Creep testing 

Under the action of vehicles plying on road, pavement layers under go permanent 
deformation. This is known as rutting. Static creep test is one of the tests which is 
said to characterize rutting. This involves application of known amount of static load 
for a specified duration at constant temperature. Strain in sample is noted at different 
time interval. In the present study recommendations made by Shell design manual [30] 
has been used which involves loading and unloading period of 1 hour at a temperature 
of 40°C. 




Figure 4.6; Arrangement of beam in loading frame 


4.4.4. 1 Details of equipment 

For conducting creep tests, loading frame was fabricated in Transportation Engineering 
Laboratory, IIT Kanpur during present study. Schematic diagram and pictorial view 
has been shown in Figure 4.7 and Figure 4.8 respectively. It consists of a loading frame 
and a pair of dial gauges. Loading frame is designed in such a way that it transfers 
the load to the specimen axially. Also the dial gauges are placed independent of the 
loading frame. This helps in accurate measurement of deformation. 

4. 4.4. 2 Sample preparation 

The samples for creep tests were prepared in similar way the samples were prepared 
for Marshall testing. Mixtures obtained by process explained in Section 4.4.2.1 are 
used to prepare Marshall samples. For preparation of Marshall samples, automatic 
Marshall compactor was used. Photograph of the same has been given in Figure 4.2. 
It is compacted with 75 blows on each face [31]. Similar samples are casted at different 
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Figure 4.7: Schematic diagram of creep test setup 


bitumen content. 

4.4.4.3 Testing 

The samples were placed horizontally in between the smooth surfaced ceramic plates. 
The dial gauges were fixed at two places on ceramic plates. Then the loading plate was 
placed over the sample. Then calculated amount of load was placed at end of loading 
frame such that stress of O.lMN/m^ is developed in sample. Then the displacements 
are noted at different time intervals using dial gauge. After a period of 1 hour, load 
was removed. Again the displacement was noted for next one hour. Typical response 
of asphalt mix under creep is given in Figure 4.9. 


4.5 Closing Remarks 

This chapter has presented the experimental investigation in terms of Marshall, fatigue 
and static creep test for KDA and IIT K samples. The next chapter presents the 




Figure 4.8; Closeup view of creep test setup 


experimental results and analysis. 
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Chapter 5 


Results and Discussions 


5.1 Properties of Materials Collected 


As mentioned earlier, materials were collected from two sources namely KDA road 
and IIT K. Extracted bitumen as well as fresh bitumen intended to use was tested 
for properties like ductility, softening point, flash point, fire point and viscosity. The 
values obtained from these tests has been tabulated in Table 5.2. The gradation of 
recovered aggregates are presented in Table 5.1. 


Table 5.1: Gradation of recovered aggregates 


Sieve Size (mm) 

19 

13.2 

9.5 

4.75 

2.36 

1.18 

0.6 

0.075 

KDA 

100.00 

94.58 

84.51 

67.44 

33.00 

19.47 

5.86 

2.00 

IITK 

100.00 

93.83 

80.78 

61.84 

32.64 

21.47 

9.45 

3.76 


5.2 Marshall Tests 


Marshall tests were conducted on the material. Average values of the Marshall test 
parameters have been presented in Table 5.3. 


cro 


























Table 5.2: Properties of extracted and fresh bitumen 


Test 

Bitumen Type 

Fresh 

Extracted 

80/100 

60/70 

IITK 

KDA 

Ductility 

67 

77.2 

10 

11 

Softening point (°C) 

49.5 

50 

78.5 

69.5 

Specific gravity 

1.007 

1.006 

1.209 

1.033 

Flash point (°C) 

280 

275 

260 

255 

Penetration 

87.5 

64.75 

18.75 

26 

Viscosity at 100°C (mPa-sec) 

1140 

2320 

4750 

6240 


Table 5.3: Comparison of Marshall test parameters 


Marshall test 

MORT&H 

KDA 

IITK 

parameters 

specifications [31] 

(Type 1) 

(Type 2) 

(Type 1) 

(lype 2) 

VA (%) 

3 to 5 

3.43 

2.48 

4.47 

6.01 

VMA (%) 

Min 14 

16.7 

10.83 

15.23 

14.76 

VFB (%) 

65 to 78 

79.5 

77.20 

70.74 

59.19 

Stability (kN) 

> 8.2 

8.8 

10.34 

8.65 

9.1 

Flow (mm) 

2 to 4 

2 

2.87 

3.6 

3.32 


5.3 Fatigue Tests 

As mentioned in Section 4.4.3. 1, the rectangular beam samples axe tested for their 
fatigue performance. The comparison of densities of the samples with respect to the 
Marshall density is presented in Table 5.4. 


5.3.1 Variation of initial stiffness with temperature 

It may be noted that the test temperatures for the beam samples varied slightly among 
the KDA, IIT K and the fresh mix samples. The temperature ranges during testing 
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Table 5-4: Details of sample density and degree of compaction 


Material 

Density [kg/.w?) 

Average degree 

of compaction (%) 

Minimum 

Maximum 

Average 

Fresh mix 

2072 

2277 

2130 

94.34 

KDA (Type 1) 

1889 

2185 

2077 

89.03 

KDA (Type 2) 

1993 

2191 

2047 

84.79 

IIT K (Type 1) 

1810 

2088 

1979 

90.40 

IIT K (Type 2) 

1927 

2034 

1982 

85.27 


T able 5.5: Fatigue testing test temperature detai! 


Material 

Test temperature (°C ) 

Minimum 

Maximum 

Average 

Fresh mix 

24 

31 

27.8 

KDA 

28 

32 

30.6 

IIT K 

31 

34 

32.7 


•S 


are presented in Table 5.5. Since, the comparison of the fatigue performance of the 
recycled mixes is to be done with respect to the fresh mixes, the fatigue performance 
curve of the fresh mix needs to be suitably adjusted to the average test temperatures 
of the KDA and IIT K samples. The following approach is proposed for this purpose. 

A general fatigue equation can be represented as 

where N = Number of repetitions of load the beam can sustain before failure, e = 
Initial tensile strain, E = Elastic modulus. 

The values of the regression coefficients for various mixes are presented in Table 5.6. 
Now, the variation of the E value can be assumed in the form of E{T) = Eq where 
Eo = elastic modulus of mix at 0°C. The variation between E(T) and T for various 
mixes are plotted in Figure 5.1. Thus, the values of the Eq and A for the fresh mix are 
obtained as 2.3E+05 and -0.0872 respectively. Similarly the Eq and A values can be 
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Table 5.6: Regression coefficients of fatigue equation 


Material 

Regression coefficients 

ko 

ki 

k2 

Fresh mix 

4.4371 

1.5428 

0.2067 

KDA (Type 1) 

0.0320 

2.0164 

0.2367 

KDA (Type 2) 

0.6890 

2.1473 

0.5367 

IIT K (Type 1) 

0.1871 

1.3702 

-0.3136 

IIT K (Type 2) 

22.5944 

0.0681 

-0.7570 


obtained for other mixes. Table 5.7 presents these values for all the mixes. Using this 
relationship (between E(T) and T) it is possible to obtain the fatigue equation at any 
temperature. Thus, the fatigue equations for the fresh mix at the test temperatures of 
the KDA and IIT K samples are developed. 

Table 5.7: Regression coefficients of initial stiffness versus tem perature relationship 


Material 

Eo (MPa) 

A 

Fresh mix 

2.3E-I-05 

-0.0872 

KDA (Type 1) 

3.0E-b06 

-0.2560 

KDA (Type 2) 

5.0E-t-08 

-0.4292 

IIT K (Type 1) 

5.0E+07 

-0.3414 

IIT K (Type 2) 

8.0E-F07 

-0.3603 


5.3.2 Variation of fatigue life with initial tensile strain 

The samples casted were tested for fatigue life at various strain levels. The raw data 
of fatigue test is given in Appendix B. The Figure 5.2 shows fatigue performance of 
mix prepared using new aggregates. Figures 5.3 and 5.4 presents variation of fatigue 
life with initial tensile strain in KDA and IIT K material respectively. Fatigue curve of 
fresh mix is also given for comparison which has been suitably adjusted (as mentioned 
in Section 5.3.1) for the average temperature at which KDA and IIT K samples are 
tested. 











57 


5.3.3 Discussions 

Pi-om the Figures 5.3 and 5.4 it is clear that performance of recycled mixes are com- 
parable to that of mixes prepared using new aggregates. 


5.4 Creep Tests 

The creep tests were conducted on specimens as explained in Section 4.4.4. 

5.4.1 Variation of strain with time 

The raw data of the creep test has been given in Appendix-C. Figure 5.5 show a 
typical graph of variation of strain with time in new aggregate mix. The maximum 
strain observed at end of 60 minute and 120 minute are noted down as total strain and 
permanent strain respectively. The difference of total strain and permanent strain is 
recorded as recoverable strain. 



10000 
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Figure 5.1: Variation of initial stiffness with temperature 


Temperature (°C) 



strain 
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1000 10000 100000 

Number of repetetions 

Figure 5.2: Variation of fatigue life with tensile strain, for fresh mix 
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Figure 5.3: Comparison of fatigue performance of KDA mixes with fresh mix 
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Figure 5.4: Comparison of fatigue performance of IIT K mixes with fresh mix 
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5.4.2 Variation of permanent strain and recoverable strain 


The variation of total strain, permanent strain and recoverable strain in different mixes 
at different bitumen contents have been studied. Figure 5.6 presents the variation 
permanent strain and recoverable strain with bitumen content in fresh mix. 



Figure 5.6: Variation of strain with bitumen content in fresh mix 


5.4.3 Discussion 

Prom Figure 5.6, it is clear that total strain and permanent strain is decreasing initially 
and then increases afterwards. At lower bitumen content, bonding between aggregates 
is less. Hence specimen undergoes more deformation. However at higher bitumen con- 
tent, due to increased bitumen film thickness lubrication increases between aggregate 
interfaces. Hence due to slippery surface, total deformation and permanent deforma- 
tion increases. Hence total strain and permanent strain is more at lower bitumen 
content and higher bitumen content. Somewhere in between, there exists a point, at 
which bitumen film thickness is just sufficient to impart more strength to sample. At 
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this point the permanent deformation will be least. 

At lower bitumen content, binder being less, recovery of deformation is less. This is 
be due to realignment of aggregates particles. As bitumen content is increased the 
recoverable strain increases to a certain stage after which it again decreases. This is 
due to increased viscous component. Hence recoverable strain is having such a trend. 

Figure 5.7 and 5.8 compares permanent strain and recoverable strain observed in differ- 
ent materials tested. Fresh mix has maximum recoverable strain. Hence it has better 
rutting resistance property. For all the cases maximum recoverable stress is observed 
to be in range of 5.5% to 6.5% of bitumen. 
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Figure 5.8: Comparison of recoverable strain in different mixes 
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Chapter 6 


Conclusions and Further Scope 


The conclusions of the present study can be summarized as follows. 

• The various mix design techniques for hot central plant recycling has been re- 
viewed. In most of the procedures, either quantity of RAP or fresh bitumen is 
fixed. The present approach attempted to propose a methodology where no such 
constraints are imposed. Proposed approach has been generalized for constituent 
estimation keeping in view the cost minimization or RAP quantity maximization 
using simple linear programming formulation. 

• Fatigue tests were performed for the recycled mix and compaxed with the fresh 
mix. Since the temperatures among samples were different, the fatigue curve 
for the fresh mix was adjusted for the respective temperatures and compared. 
Comparison shows the fatigue performance of recycled mix is close to that of 
fresh mix. 

• Creep tests indicated that permanent strain decreases initially and then starts 
increasing after a certain bitumen content. Also recoverable strain has maximum 
value at certain bitumen content. It is seen that creep behavior of recycled mix 
is comparable to the fresh mix. 
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6.1 Further Scope 
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This section gives some of the works that can be taken up as further study. 

• As mentioned earlier rejuvinators are sometimes used for in recycling of bitumi- 
nous pavements at some construction sites. Thus, the proposed formulation for 
mix proportioning can be suitably modified so as to incorporate rejuvenator in 
the mix design, and the performance of such mixes can be studied. 

• Viscosity has been used to estimate binder mixing proportion. More rational 
parameter like complex shear modulus could be used to develop recommendations 
for binder mixing rule. 

• The individual chemical composition of the asphalt affects its property. The 
ageing occurs because of the changes of the relative proportions of these con- 
stituents. Thus, adjustments in the chemical composition level can possibly work 
better towards recovery of property of aged asphalt, than just mixing bitumen 
with another bitumen. Suitable formation can be developed in this regard. 
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Appendix A 


Symbols Used 


The following are the notations used in this thesis: 

P = approximate total bitumen demand of recycled mix, percent by weight of mix 
a = percent of mineral aggregate retained on 2.36mm sieve 

b = percent of mineral aggregate passing on 2.36mm sieve and retained on 75jU sieve 
c = percent of mineral aggregate passing 75yLi sieve 
K = .15 for 11 - 15 percent passing 75/i sieve, 

= .18 for 6 - 10 percent passing 75/i sieve, 

= .2 for 5 percent or less passing 75/i sieve. 

F = 0 to 2.0 percent 
r}t — target viscosity, 

Xo = weight/volume fraction of aged bitumen. 


Tjo = viscosity of aged bitumen. 
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Xn = weight/volume fraction of fresh bitumen/ recycling agent. 
r)n = viscosity of fresh bitumen/ recycling agent 
= Percentage of bitumen in recycled mix 
pRAP _ Percentage of bitumen in old mix = OBC 
= Percentage of fresh bitumen in recycled mix 
= Percentage of old bitumen in recycled mix 
Fj^ = Percentage of old aggregates in recycled mix 
P^ = Percentage of new aggregates in recycled mix 
Prap — Percentage of RAP in recycled mix, 

(P^y = Lower limit on Percentage of bitumen in recycled mix 

{P^y = Upper limit on Percentage of bitumen in recycled mix 

Pob = proportion of old bitumen in mixture of old bitumen and fresh bitumen 

Pnb = proportion of fresh bitumen in mixture of old bitumen and fresh bitumen 

Pt — Upper limit on target viscosity 

r)^ = Lower limit on target viscosity 

P° = column matrix of old aggregate gradation 

Poa = proportion of old aggregates in mixture of old aggregates and new aggregates 
P" = column matrix of new aggregate gradation 

= proportion of new aggregates in mixture of old aggregates and new aggregates 
= column matrix representing lower limit on gradation requirements 



T“ = column matrix representing lower limit on gradation requirements 


T'” = column matrix representing mid point on gradation requirements 

Crap = Cost of RAP per unit quantity 

Cna = cost of new aggregate per unit quantity 

Cnb = cost of fresh bitumen per unit quantity 

N = Number of repetitions of load the beam can sustain before failure, 
e = Initial tensile strain, 

E = Elastic modulus 

Eo = Elastic modulus at 0°C 


T = temperature 



Appendix B 


Fatigue Test Results 
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Fatigue test results using KDA (Type 1) material 
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(Mpa) 

643.989 

17844.289 

3377.983 

379.026 

2173.038 

526.797 

4471.211 

836.857 

908.669 

1261.870 

Bending 

Strain 

0.00613 

0.00014 

0.00067 

0.00656 

0.00169 

0.00349 

0.00081 

0.00412 

0.00279 

0.00148 

initial bending 
stress 
(Mpa) 

3.947 

2.539 

2.268 

2.485 

3.675 

1.837 

3.635 

3.452 

2.535 

1.867 

Deflection 

(mm) 

2.900 

0.070 

0.295 

3.150 

0.800 

1.650 

0.400 

2.150 

1.300 

0.700 

No of 

repetetions 

(N) 

1100 

44700 

54700 

900 

8000 

5500 

22000 

3400 

8800 

13800 

Initial 

load 
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207.50 
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207.50 
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165.05 
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Creep Test Results 
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Creep test results using fresh aggregates 
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